We have developed a method for partially purifying chromatin from Saccharomyces cerevisiae (baker's yeast) to a level suitable for studies of its higher-order folding. This has required the use of yeast strains that are free of the ubiquitous yeast "killer" virus. Results from dynamic light scattering, electron microscopy, and x-ray diffraction show that the yeast chromatin undergoes a cation-dependent folding into 30-nm filaments that resemble those characteristic of higher-cell chromatin; moreover, the packing of nucleosomes within the yeast 30-nm filaments is similar to that of higher cells. These results imply that yeast has a protein or protein domain that serves the role of the histone H1 found in higher cells; physical and genetic studies of the yeast activity could help elucidate the structure and function of Hi. Images of the yeast 30-nm filaments can be used to test crossed-linker models for 30-nm filament structure.
We are interested in using the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe as model organisms in studies of eukaryotic chromatin structure, principally for two reasons. (i) We would like to use yeast genetics to identify and study the proteins necessary for the highest levels of chromosome folding. (ii) Although the manner in which nucleosomes are packaged together in 30-nm chromatin filaments is known approximately, the connectivity of the structure is not known (1) . S. cerevisiae and neuronal cells have approximately no linker DNA (2) (3) (4) , so studies of the higher-order folding of such chromatin could place strong constraints on possible connectivities. Previous studies of neuronal chromatin have shown it to fold into a higher-order structure that appears similar to the 30-nm filaments of higher cells (3, 4) . One would like to extend these results by using methods such as electron microscopy of negatively stained samples or x-ray diffraction to study the packing of nucleosomes within the neuronal chromatin 30-nm filaments. However, because it has not been possible to isolate long oligomers of this neuronal chromatin, no such studies have been carried out. One might hope that yeast chromatin would present no such difficulty.
One must first address the question: are the folded states of yeast chromatin similar to those of higher cells? The sequences of the four core histones (particularly H3 and H4) of both yeasts are quite homologous to those of higher eukaryotes (5) , and nuclease digestion experiments reveal a similar pattern of DNA protection except for subtle differences near the ends of the nucleosomal DNA (6) . In the absence offurther information it is reasonable to suppose that yeast nucleosomes will be similar in size and shape to those of higher cells. Surprisingly, it is not known whether this similarity extends to higher levels of chromosome structure. One study reported electron microscopic evidence for the existence of a 30-nm filament-like state of S. cerevisiae chromatin (7) , but this has remained a matter of debate (8) . A protein homologous to higher-cell histone H1 has yet to be definitively identified in either yeast (8) ; but, in all higher cells, histone H1 must be present for the chromatin to fold into 30-nm filaments (1, 9) .
MATERIALS AND METHODS
Materials, Strains, and Buffers. Zymolyase-lOOT was purchased from ICN. S. cerevisiae strain SKQ2N (10) Preparation of S. cerevisiae Chromatin. Cultures (500 ml) were grown to early stationary phase [in 1% yeast extract/'2% (wt/vol) peptone/2% (wt/vol) dextrose]. The cells were harvested by low-speed centrifugation, resuspended in 0.1 vol preincubation buffer, incubated at 30°C for 15 min with gentle agitation, and collected again by centrifugation. Zymolyase 100-T (5 mg) was dissolved in 50 ml of spheroplasting buffer and clarified by centrifugation at 1500 x g for 10 min. The cells were resuspended in this clarified zymolyase solution and incubated at 30°C with gentle shaking. Spheroplasting was considered complete when 90% of the cells lysed when diluted 1:50 into deionized water, typically after 45-60 min of incubation.
Spheroplasts were harvested by low-speed centrifugation and washed once with spheroplasting buffer plus 2 mM iodoacetate. They were resuspended in 10 ml of lysis buffer, vortex mixed briefly, diluted 1:5 with buffer A plus 2 mM iodoacetate, and centrifuged at 1500 x g for 15 min. The pellet was resuspended in 50 ml of buffer A, layered onto 60% (wt/vol) sucrose in buffer A, and centrifuged 8 min at 7000 rpm in a Sorvall SS-34 rotor. The cloudy top layer was aspirated away, and the middle layer (containing primarily nuclei) was collected. All further centrifugations were for 8 min at 7000 rpm in the SS-34 rotor.
The nuclei were then washed once with buffer A containing 0.20% Nonidet P-40, once with buffer A, and once with buffer B. They were then suspended to 50 ml in buffer B and prewarmed to 37°C for 5 min. The solution was brought to 2.5 mM CaC12, and micrococcal nuclease (Sigma) was added to a final concentration of 0.035 unit/ml (to generate chromatin having average DNA lengths of 4-6 kilobases; less nuclease was added when longer chromatin was desired). Digestion Abbreviation: DTr, translational diffusion coefficient.
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Chromatin was solubilized by resuspending nuclei in 10 mM Tris HCI, pH 7.5/1 mM EDTA and incubating on ice for 16 hr. Nuclear debris was pelleted by centrifugation, leaving soluble chromatin in the supernatent.
Column Chromatography. Sephacryl S-1000 chromatography was performed on a column 5 cm x 70 cm, in 10 mM Tris-HCI, pH 7.5/50 mM NaCI/0.1 mM EDTA/0.5 mM phenylmethylsulfonyl fluoride. Chromatin was dialyzed against the column buffer prior to loading and eluted at a flow rate of 1 ml/min. Sucrose Gradients. Linear 33-ml 5-30% (wt/vol) sucrose gradients in 5 mM Tris HCI, pH 7.5/0.5 mM EDTA/0.5 mM phenylmethylsulfonyl fluoride and the desired concentration of NaCl, were loaded with 5 ml of soluble chromatin and centrifuged at 12,000 rpm for 16 hr at 4°C in a Beckman SW 28 rotor. Fractions were analyzed by agarose gel electrophoresis with ethidium bromide staining. For analytical purposes, 5 ml of an isokinetic 10-25% sucrose gradient in the above buffer was loaded with 200 Al of chromatin. Centrifugation was for 45 min at 50,000 rpm and 4°C in a Beckman SW 55 rotor.
Other Methods. The purification, characterization, and size-fractionation of chicken erythrocyte chromatin with and without H1 and H5 was carried out as described (12) (13) (14) . Samples were prepared for electron microscopy as described (12) or using the alcian blue method of Sogo and Thoma (15) (see Fig. 2g ). The dynamic light scattering measurements were obtained with a commercial instrument, at 23°C. Typical chromatin concentrations were =20 ,g/ml (A260, -0.2) or less. X-ray diffraction patterns were obtained as described (12) , except that the source was an Elliot GX-20 rotating anode.
RESULTS
Biochemical Characterization. Our initial attempts to isolate S. cerevisiae chromatin from strain SKQ2N included a step of Percoll gradient centrifugation for the purification of nuclei (16) . Electron micrographs of this chromatin showed it to be badly contaminated by large numbers of regular and irregular particles. We believed that these contaminants might be residual Percoll particles; we, therefore, eliminated Percoll from our procedure and developed another method for purifying the nuclei. Fig. la shows that chromatin prepared without Percoll was still badly contaminated by such particles, at levels of contamination comparable to those obtained when Percoll was used. These contaminants were divided into two classes. The small arrow indicates one of many small round regularly shaped particles. Larger arrows indicate contaminants that are larger and more varied in size and shape. We refer to this latter class of contaminants as husks. We have determined that the smaller discrete size class of contaminants was the yeast "killer" virus (17 (2) .
Despite the apparent integrity of the core histones, we were, nevertheless, concerned about the possibility of proteolysis affecting our yeast chromatin preparations; we, therefore, carried out several experiments to test for proteolytic activity. We could detect no change in protein gel patterns after prolonged storage of the yeast chromatin at 4TC; we also could detect no changes when a large number of additional protease inhibitors were included in the preparation procedure (data not shown). Finally, since Hi is known to be extremely sensitive to proteolysis, we directly tested for the presence of an Hi-proteolytic activity in S. cerevisiae extracts by adding chicken H5 (an Hi varient) to a stoichiometry of one H5 molecule per yeast nucleosome and then following the fate of the H5 over time with a specific antiserum. No degradation was detected even over several hours at room temperature (J. Godde and J.W., unpublished data). We conclude that our preparations of S. cerevisiae chromatin are probably not affected by proteolysis.
Cation-Dependent Folding. Higher-cell chromatin in vitro is induced to fold progressively from an extended (or "unfolded") nucleosome filament state into a more compact higherorder structure, the 30-nm filament, by the addition of a wide variety of cations (1). In Fig. 2 , the Na" concentrationdependent appearance of S. cerevisiae chromatin was compared by electron microscopy with that of chicken erythrocyte chromatin and with that of Hi-and H5-depleted chicken erythrocyte chromatin. When the Na+ concentration was increased from 10 mM to 75 mM, native chicken chromatin folded from -10-nm-wide filaments (Fig. 2e) into -30-nm-wide filaments (Fig. 2b) . When Hi and H5 were removed using either of two methods, there was no apparent tendency for the depleted chromatin to fold into 30-nm filaments (1, 9) (Fig. 2 c and f) . S. cerevisiae chromatin in the same conditions is shown in Fig. 2 cerevisiae chromatin in 75 mM Na' (a) and 10 mM Na' (d); chicken erythrocyte chromatin in 75 mM Na' (b) and 10 mM Na' (e); Hi-and H5-depleted chicken erythrocyte chromatin in 75 mM Na' (c) and 10 mM Na' (f). Chromatin was fixed, positively stained, and rotary shadowed. (Magnification is the same in a-f. Bar in a = 100 nm.) (g) S. cerevisiae chromatin in 5 mM Na' prepared for microscopy as described by Sogo and Thoma (15) . (Bar = 100 nm.) (h) Schizosaccharomyces pombe chromatin in 100 mM Na' prepared for microscopy as for a-f. (Bar = 100 nm.) All samples contained 2 mM potassium phosphate (pH 7.5) and 0.1 mM Na2EDTA.
chromatin. This correlates with, and may be due to, the presence of a proteolytic activity in the Schizosaccharomyces pombe preparations (in contrast to our S. cerevisiae preparations) that degrades exogeneously added chicken H5 within minutes (J. Godde and J.W., unpublished results). Thus, the ability of S. cerevisiae chromatin to fold into -30-nm filaments is a positive result.
Also shown in Fig. 2g is a micrograph of S. cerevisiae chromatin in 10 mM Na' in which the sample was prepared for microscopy as described by Sogo and Thoma (15) . With this method, the extended form of higher-cell chromatin appeared as a filament of distinct nucleosomes, rather than as a 10-nm filament; the yeast chromatin behaved similarly. We have also carried out hydrodynamic studies of the Na'-dependent folding of yeast chromatin. We measured translational diffusion coefficient (DT, a quantitative measure of compactness), using dynamic light scattering. This experiment required chromatin that, was well size-fractionated. Therefore, the column-purified S. cerevisiae chromatin was further fractionated by sucrose gradient centrifugation; fractions containing chromatin with a mean DNA length of 3.5-4.0 kilobases were used for the hydrodynamic studies. Samples of chicken erythrocyte chromatin, with and without H1 and H5, were also prepared and size-fractionated to the same average length as the yeast chromatin. The results are shown in Fig. 3 .
Native chicken erythrocyte chromatin exhibited a Na' concentration-dependent increase in DT that correlated with the compaction observed in the micrographs of Fig. 2 We have also tested for a Na' concentration dependence to the sedimentation coefficient of yeast chromatin, using isokinetic suprose gradients. We found that an increase in Na+ from 5 mM to 60 mM produced an increase in the sedimentation coefficient equal to that observed for native (H1 and H5 containing) chicken erythrocyte chromatin. This suggests an alternative method for purifying yeast chromatin, in which the material is centrifuged through two successive sucrose gradients, one in low salt and one in higher salt; this should remove contaminants that are unresponsive to the change in ionic conditions. Also shown in Fig. 3 are diffusion coefficient measurements of yeast chromatin that was purified by this method; there is good quantitative agreement with the data for chromatin purified over a sizing column plus one sucrose gradient.
Structure of Yeast 30-nm Filaments. To learn more about the structure of folded yeast chromatin filaments, we have examined them by x-ray diffraction and by electron microscopy using both negative stain and linear shadowing. Fig. 4 shows a gallery of images from a variety of conditions in which higher-cell chromatin folds into 30-nm filaments. Just as when prepared for electron microscopy by other methods, the yeast chromatin folded into filaments with an approximate diameter of 30 nm. In many images, lateral striations with a spacing of 10 . ' * I n .* ,, S a . * o -< . X-ray diffraction patterns obtained from the yeast chromatin in three solution conditions are illustrated in Fig. 5 . In low Na+ (Fig. 5, curve a) , the principal feature observed was a broad band at =6 nm (s = 0.017 A-1), previously attributed to the diffraction of a nucleosomal disk (19) . Compared to chicken erythrocyte chromatin (12, 19) , the yeast chromatin in these conditions had much less contrast in the bands at 3.7 and 2.7 nm (s = 0.027 and 0.037 A1, respectively) (previously attributed to intranucleosomal diffraction (19) , and, as expected, no band at =20 nm (s = 0.005 A-1) (previously attributed to the internucleosome spacing) (1) . In 150 mM Na' (Fig. 5, curve b) , where the yeast chromatin folded into 30-nm filaments, the full set ofdiffraction bands (at 30-40, 11, 16, 3.7, and 2.7 nm) characteristic of higher-cell 30-nm filaments (19) were seen. The low-angle band occurred at 33 nm (s = 0.003 A-1) (Fig. 5 Inset) . Compared to chicken erythrocyte 30-nm filaments in these conditions, all of the diffraction bands had less contrast. In 10 mM Tris/5 mM Mg2+ (Fig. 5, curve c) , the yeast 30-nm filaments again behaved like those of higher cells (12) ; the relative strength of the 11-nm band increased, and the 33-nm band disappeared, presumably behind the beamstop cutoff, which was at 1/s = 44 nm for this data set (see Discussion).
DISCUSSION
We consider two questions: (i) Does S. cerevisiae chromatin undergo cation-dependent folding into some higher-order structure? (ii) If so, is this structure similar to that of higher cells? The electron micrographs of Fig. 2 show that the yeast chromatin behaves similarly to native chicken erythrocyte chromatin in that it appears to fold from -10-nm filaments in 10 mM Na' into =30-nm filaments in 75 mM Na+. By contrast, chicken erythrocyte chromatin that has been depleted of histones H1 and H5 shows little folding, with no apparent tendency to form 30-nm filaments. By this criterion, the yeast chromatin does indeed form a higher-order structure that resembles the structure of higher cell chromatin.
A compaction detected by electron microscopy should also be detected in hydrodynamic studies of the molecules in solution. We find (Fig. 3) Our measurements of DT also correlate with the micrographs in showing much less compaction for chicken chromatin depleted of histones H1 and H5. We obtain similar values ofDT using two methods for removing the H1 and H5, and our data are in agreement with a previous study (18) .
These results are in contrast with reports of a small but significant increase in the sedimentation coefficient of depleted chromatin over this range of Na+ concentrations (14) . The results could be reconciled if part of the observed increase in the sedimentation coefficient was due to aggregation, since this has opposite effects on s and DT.
In summary, the electron micrographs and the hydrodynamic data suggest that yeast chromatin behaves similarly to native chicken erythrocyte chromatin and quite differently from chicken chromatin that has been depleted of H1 and H5.
The second question to be considered is whether the yeast chromatin higher-order structure is similar in internal arrangement to that of higher cells. Images from negatively stained and from linearly shadowed yeast chromatin preparations (Fig. 4) Biochemistry: Lowary and Widom from helical grooves in the surface of the filaments. Within the context of the solenoid model, the interpretation of these images is that one is resolving the groove between adjacent helical ramps of nucleosomes that are oriented radially, with their flat faces parallel to the 30-nm filament axis (19) . The spacing of the grooves is, therefore, equal to the diameter of the disk-shaped nucleosomes, which, for all higher-cell types, is known or believed to be 11 nm (20) . We assume that the dimensions of yeast nucleosomes are also conserved. In that case, the 10-to 15-nm spacing of the lateral striations visible in the yeast 30-nm filaments implies that the yeast nucleosomes, too, are packed radially and oriented parallel to the direction of their filament axis.
The x-ray diffraction patterns in Fig. 5 b and c provide further evidence that the packing of nucleosomes in the yeast 30-nm filaments is similar to that in higher cells. It is difficult to say much about the intensities of the various chromatin x-ray diffraction features, because no attempt has yet been made to analyze them even for higher-cell chromatin; we, therefore, consider only the positions of the bands. The yeast 30-nm filaments show the full set of diffraction bands characteristic of higher-cell 30-nm filaments in vivo and in vitro (1) . The band at 33 nm provides evidence for the existence of 30-nm filaments packed loosely together (19) . As with highercell chromatin (12) , this band disappears in 5 mM Mg2+ because, under those conditions, 30-nm filaments aggregate tightly together and electron density contrast between them is lost. The band at 11 nm is a direct manifestation of the -11-nm spaced grooves visible in the electron microscopic images (19) . The appearance of this band in the x-ray patterns of yeast 30-nm filaments confirms that the striations visible in the micrographs of Fig. 4 are indeed significant features ofthe structure.
Structure of the 30-nm Chromatin Filament. With the results of this study, 30-nm filaments from chromatin types having the full range of allowed DNA linker lengths of -0-80 base pairs ('0-270 A) are found to give an 11-nm diffraction band (1, 19, 21) . The packing of nucleosomes that leads to the 11-nm lateral striations and to this diffraction band must be an important determinant of 30-nm filament structure.
While the packing of nucleosomes within 30-nm filaments is now understood, the connectivity of the structure is not known (1) . In the solenoid model (9, 19) , nucleosomes that neighbor laterally in three dimensions are also neighbors in one dimension-i.e., along the nucleosome filament. Other models have been proposed that have a similar packing of nucleosomes but that differ in their linker DNA paths from the solenoid in that laterally neighboring nucleosomes come from non-consecutive locations along the nucleosome filament. One such class of models are referred to as crossedlinker models (1); in these models, linker DNA connects between nucleosomes on opposite sides of the 30-nm filament. It has been shown by model building (22) that for such a higher-order structure to be assembled from chromatin having approximately no linker DNA, the filaments will be thin (=25 nm in diameter), and the pitch angle (the angle off horizontal of the visible striations) will be steep (-35°).
It should be possible to test this model through quantitative study of the helical parameters of the yeast 30-nm filaments. Yeast offers an important advantage for these experiments because it has not been possible to isolate long oligomers of higher-cell =0-bp-linker chromatin (3, 4) ; yeast presents no such difficulty. Data presented above already hint that both of the key restrictions on crossed-linker models may not be met, since the angle of the striations visible in Fig. 4 appears to be less than 350 and the filament diameter implied by the shadow lengths appears to be greater than 25 nm. To settle this question, it will be important to quantitatively study a large number of randomly selected yeast 30-nm filaments.
Histone H1 in S. cerevisiae? The data presented above show that S. cerevisiae chromatin folds into 30-nm filaments like those of any higher-cell type. For all higher-cell types, this folding requires that histone H1 (or some variant, such as HS) be present at a stoichiometry of one per nucleosome (23) ; even the -0-bp-linker neuronal chromatin is reported to contain H1 (3, 4) . Although no such protein has yet been identified in either S. cerevisiae or Schizosaccharomyces pombe, evidence for the absence of H1 is entirely negative. It will be important to carry out assays for an Hi-likefunction in yeast.
